Molecular and cellular mechanisms underlying the peripheral conditioning lesion remain unsolved. We show here that injection of a chemical demyelinating agent, ethidium bromide, into the sciatic nerve induces a similar set of regeneration-associated genes and promotes a 2.7-fold greater extent of sensory axon regeneration in the spinal cord than sciatic nerve crush. We found that more severe peripheral demyelination correlates with more severe functional and electrophysiological deficits, but more robust central regeneration. Ethidium bromide injection does not activate macrophages at the demyelinated sciatic nerve site, as observed after nerve crush, but briefly activates macrophages in the dorsal root ganglion. This study provides a new method for investigating the underlying mechanisms of the conditioning response and suggests that loss of the peripheral myelin may be a major signal to change the intrinsic growth state of adult sensory neurons and promote regeneration.
Introduction
Peripheral conditioning lesion refers to the phenomenon that an initial peripheral nerve injury induces an intrinsic growth state in dorsal root ganglia (DRG) sensory neurons. This growth state can increase the rate of regeneration after a subsequent peripheral injury (McQuarrie and Grafstein, 1973) , and, incredibly, drive regeneration of the normally quiescent central branch within the central nervous system (CNS) (Richardson and Issa, 1984) . The expression of many genes undergo changes caused by peripheral nerve injury, some of which may be responsible for the acquired capacity for regeneration (Hoffman and Cleveland, 1988; Tsujino et al., 2000; Costigan et al., 2002; Seijffers et al., 2007; Stam et al., 2007) . While some identified cues can increase regeneration, none have been shown to fully mimic the growthpromoting effects of the nerve crush (Qiu et al., 2002; Seijffers et al., 2007; Parikh et al., 2011) .
Sciatic nerve crush leads to axon damage and loss of myelin (Gupta et al., 2004) . Peripheral demyelination results in clearance of myelin debris by macrophages, Schwann cell dedifferentiation and proliferation, followed in time by eventual remyelination of spared or regenerated peripheral axons (Hall, 1973; Riet-Correa et al., 2002) . After chemical demyelination, peripheral axons sprout small branches that associate with proliferating Schwann cells (Hall, 1973) . We propose that this sprouting is a correlate of axon regeneration and asked whether peripheral injection of demyelinating agents results in regeneration after spinal cord injury. We hypothesize that demyelination may be a major component of the conditioning lesion effect that drives the increase of intrinsic growth potential. We tested this hypothesis utilizing two distinct demyelinating agents, the intercalating agent ethidium bromide (EtBr) and the detergent lysolecithin (lysophosphatidylcholine, LPC) that both result in the breakdown of the myelin sheath through progressive vesiculation (Allt et al., 1988; Riet-Correa et al., 2002) . We show here that peripheral injection of EtBr produces a much greater conditioning response than nerve crush, resulting in dramatically increased spinal cord regeneration. Additionally, injection of EtBr or LPC, in the absence of concurrent axotomy, induces gene changes in the DRG characteristic of peripheral conditioning. Unlike nerve crush, EtBr injection does not induce macrophage activity in the demyelinated region of the sciatic nerve over the period of observed peripheral conditioning. Nor does it induce a sustained macrophage activation in the DRG compared to nerve crush. This suggests that either inflammation is an early component of peripheral conditioning lesion, or a divergence in the mechanisms of EtBr-mediated and nerve crushmediated peripheral conditioning.
Materials and methods

Surgical procedures
Sciatic nerve crush
All animal work in this research was approved by the University of California, San Diego Institutional Animal Care and Use Committee.
Unilateral or bilateral sciatic nerve crush was performed on adult female Fischer 344 rats (120-135 g) unresponsive to toe or tail pinch under isoflurane anesthetic. An area over the hindlimb was shaved and cleaned with povidone-iodine before incision caudal and parallel to the femur. The sciatic nerve was exposed and crushed for 10 s with a pair of fine (#55) forceps. After crush, the skin was closed with surgical staples.
Sciatic nerve injection
Unilateral or bilateral sciatic nerve injection was performed on adult female Fischer 344 rats (120-135 g) unresponsive to toe or tail pinch under isoflurane anesthetic. The sciatic nerve was exposed as above and injected with 4 μl (2 μl/branch) 1% wt/vol LPC in PBS with 10% vol/vol DMSO, 2 μl (1 μl/branch) of 0.01%, 0.05% or 0.1% wt/vol EtBr in PBS or PBS alone. Injections were made longitudinally towards the DRG, with a 36 ga NanoFil needle (World Precision Instruments Inc., Sarasota, FL) at a rate of 2 μl/min and the needle was held in place for an additional 10 s following injection. After injection, the skin was closed with surgical staples.
C4 dorsal column injury
Animals were deeply anesthetized with 2 ml/kg of ketamine cocktail (25 mg/ml ketamine, 1.3 mg/ml xylazine and 0.25 mg/ml acepromazine). Spinal level C4 was exposed by laminectomy and the dura was punctured over the dorsal horn, approximately 1.2 mm lateral to midline. A Scouten wire-knife (David Kopf Instruments, Tujunga, CA) was lowered to a depth of 1 mm from the surface of the spinal cord and extruded. The dorsal columns were lesioned with two passes of the wire-knife and the intact dura was pressed against the wire edge of the lifted wire-knife to ensure complete transection of ascending dorsal column sensory axons. The lesion cavity was filled with approximately 200,000 syngeneic bone marrow stromal cells (BMSCs) suspended in PBS [100,000 cells/μl], injected using glass micropipettes connected to a picospritzer (General Valve, Fairfield, NJ) as previously described (Hollis and Zou, 2012) . Primary BMSCs were isolated from adult female Fischer 344 rats by flushing cells out with DMEM with 10% FBS and Pen/Strep/Glu, cells were cultured in the same media and passaged at 80% confluence. The dorsal musculature was sutured with 4-0 silk sutures and the skin was closed with surgical staples. Three days prior to sacrifice, animals were injected bilaterally into the sciatic nerve with a 1% wt/vol solution of the transganglionic tracer cholera toxin B (CTB; List Biological Laboratories, Campbell, CA) in dH 2 O using a 36 ga NanoFil syringe. The sciatic nerve was exposed as described above and 1 μl was injected into each of the tibial and common peroneal branches bilaterally (4 μl total).
Sacrifice and tissue processing
Animals were deeply anesthetized with ketamine cocktail and transcardially perfused with ice-cold PBS followed by 4% wt/vol paraformaldehyde in PBS. Spinal columns, sciatic nerves, DRGs and tibialis anterior muscles were post-fixed overnight at 4°C in 4% wt/vol paraformaldehyde. Tissue was transferred to 30% wt/vol sucrose in PBS for cryoprotection and sectioned on a cryostat (Leica, Buffalo Grove, IL) at 20 μm (DRGs, sciatic nerves) or 30 μm (muscle) and mounted directly on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). Grafted spinal cords were sectioned sagittally at 40 μm thick and collected as free-floating sections. Sections were washed three times with PBS, blocked for one hour at room temperature (RT) in PBS with 0.25% triton-X100 (PBST) and 5% donkey serum, then incubated overnight (except where noted below) at 4°C with primary antibodies in PBST plus 5% donkey serum. On the second day of staining, sections were washed three times, incubated with Alexa Fluor conjugated secondary antibodies (Life Technologies, Grand Island, NY; Jackson ImmunoResearch, West Grove, PA) for 2.5 h at RT, counterstained with DAPI [1 g/ml] (Sigma-Aldrich, St. Louis, MO) and washed three 
Myelin staining
Myelin staining was performed as described (Schmued, 1990) . Briefly, sections washed twice in dH 2 O then twice in 0.025 M PB with 0.9% NaCl (working solution) were incubated for 1 h at RT in 0.2% wt/vol gold (III) chloride solution with 0.0075% vol/vol H 2 O 2 in working solution. Sections were washed twice more in working solution, then incubated for 5 min in 5% sodium thiosulfate at room temperature before three final washes in dH 2 O.
DRG neuron culture
Rats were deeply anesthetized with ketamine cocktail, L4 and L5 DRGs were surgically removed, and the animals were decapitated. DRGs were collected in ice-cold L15 medium then digested for 1 h at 37°C in collagenase type XI (1:1, DMEM/F-12:0.5% collagenase XI in L15 medium; Worthington Biochemical Corp., Lakewood, NJ) with gentle agitation every 15 min. Cells were centrifuged 2 min at 3000 rpm, collagenase solution was removed and gently replaced with DMEM/F-12 + 10% FBS so as not to disturb the cell pellet. Cells were then washed twice by gently applying DRG culture medium (DMEM/F-12 with B-27 supplement and Pen/Strep/Glu) so as not to disturb the pellet. Cells were resuspended in DRG culture medium, allowed to settle for 45 s then the top cell suspension was added to DRG culture medium, leaving behind the sedimented tissue fragments. DRG cell suspension was then plated on poly-D-lysine coated cell culture dishes. 16 h after plating, cells were fixed with 4% PFA in PBS for 30 min at RT, washed 3 times in PBS and stained with monoclonal N52 anti-NF200 as described above for free-floating sections.
Image acquisition and analysis
Images were acquired on an inverted Zeiss LSM510 confocal microscope with LSM acquisition software (Carl Zeiss Microscopy, LLC, Thornwood, NY). Ethidium bromide fluorescence emission at 590 nm was imaged on a Zeiss LSM510. An Axiovert 40 CFL with an AxioCam MRm and AxioVision software (Carl Zeiss Microscopy, LLC) was used to image gold (III) chloride myelin staining of sciatic nerves. For neurite length quantification images of NF200-immunoreactive DRG neurons were acquired with PictureFrame software for a MicroFire digital camera (Optronics, Goleta, CA) mounted on an upright fluorescent microscope (Olympus, Center Valley, PA). The NeuronJ plugin for ImageJ (NIH, Bethesda, MD) was used for longest neurite tracing and quantification on acquired images (Meijering et al., 2004) . Image density quantification was done on thresholded images using ImageJ (NIH, Bethesda, MD). ImageJ was used to measure myelin density along a 100 μm thick tracing of thresholded panoramic images stitched together in Photoshop CS5 (Adobe, San Jose, CA). NF200 ratios were calculated by comparing ImageJ density measurements of thresholded and skeletonized (linearized) NF200 images 1.5 mm distal and proximal to the sciatic injury site. For neuromuscular junction (NMJ) innervation, 100 tetramethylrhodamine-conjugated α-bungarotoxin labeled NMJs per animal were examined, in tibialis anterior muscles, for apposition by synaptophysin-labeled pre-synaptic terminals. Statistical tests indicated in main text were performed using JMP 9 software (SAS Institute, Cary, NC). An investigator blinded to the experimental group performed all analyses.
Behavioral testing
Animals were trained on accelerating rotarod (5 rpm initial, 45 rpm max, 300 s max; Stoelting, Wood Dale, IL) and beam crossing (1 in. diameter, 60 in. span, 3 passages per trial) for two weeks prior to bilateral sciatic injection of 0.1% wt/vol EtBr, 1% wt/vol LPC, or sciatic nerve crush. For toe spread analysis, hind paw plantar surfaces were dipped in povidone-iodine solution and animals walked on paper in a narrow path between two barriers. The mean distance between the first and fifth toes from three prints was averaged bilaterally. Animals were tested prior to sciatic injury and weekly for 16 weeks after spinal cord injury by investigators blind to the experimental groups.
Paw 50% withdrawal threshold (PWT) was assessed bilaterally using a series of calibrated von Frey filaments (Kom Kare, Middletown, OH, USA) using the up-down method exactly as described elsewhere (Chaplan et al., 1994; Calcutt, 2004) . Thermal withdrawal latency was assessed bilaterally using a Hargreaves apparatus (UARDG, Department of Anesthesiology, University of California, San Diego; La Jolla, CA). Prior to testing, rats were acclimated in individual acrylic chambers on a glass surface that was maintained at 30°C. After an initial acclimation measurement, the median of three subsequent measurements tested at a heating rate of 1°C/s with a maximal cut off at 20 s was taken as the thermal response latency for that paw, and the mean of values of both paws was used to represent each animal.
Electrophysiology
For measurement of motor nerve conduction velocity (MNCV), rats were anesthetized with isoflurane and nerve temperature maintained at 37°C using a heating lamp and near-nerve thermistor. The sciatic nerve was stimulated (single 5 V, 0.05 ms square wave pulse) by fine needle electrodes placed at the sciatic notch and Achilles tendon and the evoked electromyograms (EMGs) recorded from the interosseus muscles of the ipsilateral foot via two fine needle electrodes. MNCV was calculated by dividing distance between the two stimulation sites by the time difference between their associated M wave peaks.
Results
Peripheral injection of the chemical demyelinating agent ethidium bromide promotes more robust axon regeneration than nerve crush
In this study, we tested the peripheral conditioning effects of two known demyelinating agents that do not result in peripheral axon degeneration (Hall, 1973; Riet-Correa et al., 2002) : ethidium bromide (EtBr), and lysophosphatidylcholine (lysolecithin, LPC). Animals received a sham operation, bilateral sciatic nerve crush, bilateral PBS injection, bilateral LPC, or bilateral EtBr injection in the sciatic nerve. One week later, we lesioned the dorsal columns at cervical level 4 (C4) and grafted naïve bone marrow stromal cells (BMSCs). One month later, bilateral sciatic injection of cholera toxin B subunit (CTB) was used to assess regeneration into BMSC grafts. BMSC grafts fill the lesion cavity, preventing cystic cavitation, and allow for clear determination of regenerated axons as those that have grown into the graft. Peripheral nerve crush resulted in a nearly 3.7-fold increase in the number of regenerated axon profiles (axon segments counted in every seventh sagittal section and normalized to total CTB axons below the injury) within BMSC grafts compared to sham operated animals ( Fig. 1) . Demyelination with EtBr augmented axon regeneration much more robustly, with a 7.1-fold increase over PBS injected and 9.9-fold increase over sham operated animals (Fig. 1) . The regenerative response induced by EtBr was 2.7-fold greater than the response to sciatic nerve crush (ANOVA P b 0.0001, Bonferroni corrected post-hoc t-test P b 0.0001). The number of regenerated axon profiles in LPC injected animals was not significantly higher than PBS injected or sham controls.
One, 7 and 28 days after sciatic nerves were treated with EtBr, L4 and L5 DRG neurons were dissociated and grown in vitro. Large-diameter, NF200-immunoreactive neurons extended significantly longer neurites when isolated from DRGs ipsilateral to demyelinated sciatic nerve, compared to contralateral crushed sciatic nerve ( Fig. 1 ; paired t-test, P b 0.05).
The extent of demyelination differs between peripheral injection of LPC or EtBr and nerve crush
Injection of the demyelinating agents LPC [1% wt/vol] or EtBr [0.1% wt/vol] longitudinally along the sciatic nerve reduced myelin staining with gold (III) chloride as did nerve crush (Fig. 2) . The most severe demyelination occurred proximal to injection of 0.1% EtBr and at the site of nerve crush, however EtBr or LPC disrupted sciatic myelin over significantly longer distances (3.52 ± 0.83 mm and 3.41 ± 0.81 mm, respectively) than nerve crush (1.52 ± 0.06 mm), at 3 days post-injury (ANOVA P b 0.001, Bonferroni corrected post-hoc t-test P b 0.05). Importantly, nerve crush, and not demyelination, resulted in axotomy marked by the loss of axons 1.5 mm distal to the lesion at 3 days (Fig. 3) . Demyelination continued to progress after EtBr injection with extensive demyelination apparent at two weeks after injection, a time at which LPC injected animals were showing some recovery of myelin (Fig. 2) .
We examined the integrity of the sensory and motor circuitry of the sciatic nerve after nerve crush or demyelinating agent injection. Images of large-diameter, heavy-chain neurofilament (NF200) immunoreactive axons in the sciatic nerve proximal to the injury or demyelinated region and 1.5 mm distal to the crush or injection site were skeletonized (linearized) and the ratio of distal to proximal pixel density showed a dramatic reduction in axons 3 days after nerve crush (Fig. 3) . Additionally, nerve crush resulted in a total loss of innervation of the tibialis anterior at one week after injury, while LPC and EtBr injected animals showed pre-synaptic terminals at every neuromuscular junction (NMJ) examined (Fig. 3) .
Peripheral injection of chemical demyelinating agents induces a similar set of regeneration-associated genes (RAGs) as nerve crush Peripheral nerve crush and transection result in the induction of many RAGs in sensory neurons, with two of the most robust being ATF-3 and c-Jun (Jenkins and Hunt, 1991; Tsujino et al., 2000; Boeshore et al., 2004; Seijffers et al., 2007; Stam et al., 2007) . Additionally, chemical demyelination with LPC induces expression of the RAG ATF-3 in DRG neurons in vitro (Kiryu-Seo et al., 2010) . We examined whether RAG induction after injection of peripheral demyelinating agents was similar to RAG induction after nerve crush in vivo. ATF-3 and c-Jun were dramatically induced in DRG neurons three days after unilateral sciatic injection of EtBr (0.05% or 0.1% wt/vol) in adult rats, similar to sciatic nerve crush (Fig. 4) . A lower concentration of EtBr [0.01% wt/vol] or 1% wt/vol LPC induced expression of c-Jun and ATF-3 at lower levels than nerve crush (Fig. 4) . ATF-3 and c-Jun were induced in NF200-immunoreactive proprioceptive neurons, the axons of which constitute the ascending dorsal funiculi. c-Jun and ATF-3 expression persisted over two weeks in NF200-immunoreactive neurons in animals after 0.1% EtBr and nerve crush at levels significantly higher than those induced by LPC (Fig. 4) . Across all treatment groups and time points measured, the levels of c-Jun and ATF-3 induction in NF200-immunoreactive DRG neurons correlated tightly with the extent of remaining myelin (Spearman's ρ = −0.730 (ATF-3 vs. average myelin density) P b 0.0001, Spearman's ρ = −0.571 (c-Jun vs. average myelin density) P b 0.0001, Fig. 4) . Specifically, in animals injected with different concentrations of EtBr (examined at day 3), the extent of remaining myelin correlated tightly with the induction of c-Jun and ATF-3 (Spearman's ρ = −0.741 (ATF-3 vs. average myelin density) P b 0.01, Spearman's ρ = − 0.641 (c-Jun vs. average myelin density) P b 0.05, Fig. S1 ).
In addition to ATF-3 and c-Jun, injection of peripheral demyelinating agents induced expression of arginase-1, and components of the morphogen signaling pathways of bone morphogenic protein and Wnt in the DRG, similar to peripheral nerve crush (Fig. 4) (Boeshore et al., 2004; Zou et al., 2009; Hollis and Zou, 2012) . We found that the highest concentration of EtBr tested, 0.1% wt/vol in PBS, most closely mimicked sciatic nerve crush in terms of RAG gene expression. It should be noted that EtBr and LPC at these concentrations induce Schwann cell myelin rejection but not Schwann cell death (Hall and Gregson, 1971; Allt et al., 1988; Riet-Correa et al., 2002) . EtBr was not detected in axons or DRGs, by confocal microscopy, and is unable to enter the nuclei of living cells (Beletsky and Umansky, 1990) . Control injections of PBS affected neither gene expression in the DRG, nor myelin density in the sciatic nerve, similar to sham operated controls.
EtBr induces macrophage activity on a different time scale than nerve crush
Infiltrating non-resident macrophages clear myelin debris in damaged peripheral nerves (Hall and Gregson, 1971; Griffin et al., 1993; Brück, 1997) . Additionally, inflammatory agents induce a form of peripheral conditioning (Lu and Richardson, 1991; Steinmetz et al., 2005) while macrophages pre-incubated with injured sciatic nerve have been shown to promote regenerative growth (Lazarov-Spiegler et al., 1996) . Within the DRG, Iba1-immunoreactive macrophages are activated following sensory axon injury, surrounding large-diameter NF200 immunoreactive neurons (Ton et al., 2013) . Recently, it has been proposed that activation or increase of DRG macrophages is required for conditioning-mediated pro-regenerative effects (Kwon et al., 2013; Niemi et al., 2013) .
We tested whether the elevation of RAGs induced by EtBr or LPC injection is correlated with activation of resident or infiltrating macrophages. Following nerve crush, the density of Iba1 immunoreactive macrophages peaked at one week post-crush in both the DRG and the injured sciatic nerve, while ED1 reactivity of phagocytic CD68 + macrophages (Damoiseaux et al., 1994) in the injured sciatic nerve decreased from 3 to 14 days post-crush (Fig. 5) . In contrast, activation of Iba1 macrophages in the DRG was highest at 3 days post-injection of EtBr before dropping precipitously to control levels by 7 days (Fig. 5) . Additionally, despite clear differences in RAG induction, nerve crush, control PBS, or LPC injection mildly increased macrophage staining at 3 days, though not significantly compared to sham control (Dunnett's test: crush P = 0.78, PBS P = 0.31, LPC P = 0.15; Fig. 5 ). High levels of DRG macrophage activation were present in both EtBr and nerve crushed animals, however macrophage activation after nerve crush peaked at 7 days, later than the 3 days after EtBr injection. (E) Quantification of CTB-labeled regenerated axon profiles shows a 7.1-fold increase in regeneration of EtBr treated neurons over PBS controls, 2.7-fold more regenerated axons than observed after peripheral nerve crush (ANOVA P b 0.0001, Bonferroni corrected post-hoc t-test *P b 0.05, **P b 0.0001; n = 5 (Sham, LPC), 6 (PBS, EtBr, Crush)). (F, G) 0.1% wt/vol EtBr sciatic injection promotes greater neurite outgrowth than contralateral sciatic nerve crush when NF200 + L4 and L5 DRG neurons are dissociated and cultured at 7 or 28 days after injury (paired two-tailed t-test *P b 0.05; n = 3 animals/time point, N100 neurons per data point). Data presented as mean ± s.e.m. Scale bars represent 50 μm (A-D) and 100 μm (F).
In the center of the demyelinated sciatic nerve, the density of phagocytic ED1 stained macrophages was elevated over the first 14 days after LPC injection, but was noticeably lower after EtBr injection (Fig. 5) . Only limited ED1 staining was present after EtBr injection, and only at 3 days post-injection (Dunnett's P = 0.22). As expected there was observable inflammation along the needle tracts at the site of injection and epineuria disruption where PBS, EtBr and LPC resulted in similarly elevated levels of phagocytic macrophage infiltration shortly after injection (Fig. 5) . Crushed sciatic nerves showed robust elevation in glial fibrillary acid protein (GFAP) positive reactive Schwann cells, and DAPI stained nuclei by 3 days post injury (ANOVA P b 0.0001 DAPI, P b 0.05 GFAP, Bonferroni corrected post-hoc t-tests, Fig. S2 ). Chemical demyelination resulted in the elevation of GFAP and DAPI staining over a much longer time course, with elevation through 14 days post-injection, by which time EtBr-damaged myelin had been cleared from the sciatic nerve (Fig. S2) . While only limited phagocytic macrophages stained with ED1 were detected during the clearance of EtBr-damaged myelin, Schwann cells may be able to drive the early clearance of myelin after peripheral injury in the absence of infiltrating macrophages (Perry et al., 1995) . The alternatively-activated M2 macrophage marker arginase-1 was found to be substantially elevated only in crushed sciatic nerves (Fig. S2) (Kigerl et al., 2009) .
Within the injured sciatic nerve, we observed no correlation between activation of macrophages, or GFAP induction by reactive Schwann cells and the expression of RAGs (Figs. 5, S2 ). In the DRG, both nerve crush and EtBr activated Iba1-immunoreactive macrophages robustly, but on disparate time courses (Fig. 5) .
EtBr causes more severe functional deficits than LPC or nerve crush
In the study of regeneration, the recovery of behavioral function is a key outcome measure after injury. After LPC injection, it has been shown that remyelination and recovery of electrophysiological function is completed between 2 weeks and 2 months post injection (Hall, 1973) . Due to the remarkable increase in regeneration found following EtBr injection, we sought to determine the consequences of EtBr-induced demyelination on sciatic nerve function and whether it was significantly different from LPC-induced demyelination. Animals were trained to perform behavioral tasks for two weeks prior to bilateral sciatic injection with LPC or EtBr, or bilateral sciatic nerve crush. Recovery of sensory and motor function was then assessed weekly on an accelerating rotarod, beam crossing, and hindlimb toe spread tasks. Animals injected with EtBr exhibited the slowest recovery of function on the rotarod (repeated measures ANOVA P b 0.05) and beam crossing task (repeated measures ANOVA P b 0.005) and also failed to completely recover hindlimb toe spread (repeated measures ANOVA P b 0.0001; Fig. 6 ). Animals subject to bilateral nerve crush or LPC injection recovered to pre-lesion and age-matched control levels on rotarod, beam crossing, and hindlimb toe spread tasks. In addition to the recovery of positive behavioral function, we tested animals for adverse reactions characterized by mechanical allodynia and thermal hyperalgesia as peripheral nerve crush has been demonstrated to induce neuropathic pain-like states, characterized by mechanical allodynia and increased temperature sensitivity (Lancelotta et al., 2003; Vogelaar et al., 2004) . Von Frey filaments were used to test mechanical sensation and thermal sensitivity was tested using a Hargreaves apparatus. No treatment group exhibited more severe adverse reactions than any other (Fig. 6) .
Nerve conduction velocity (NCV) was measured at five time points after sciatic injury, starting at two weeks. The nerve was stimulated at the sciatic notch and Achilles tendon and the evoked electromyogram recorded from the ipsilateral interosseous muscles. Animals injected with LPC exhibited full recovery of electrophysiological function within 2 to 8 weeks (Fig. 6) . After nerve crush, recovery of NCV peaked between 8 and 12 weeks at significantly reduced levels relative to preinjury measurements or age-matched controls. Consistent with observed behavioral deficits, EtBr injected animals exhibited a delayed and attenuated recovery of NCV (repeated measures P b 0.0001, EtBr vs. Crush P b 0.005; Fig. 6 ).
Discussion
We report here the novel finding that peripheral injection of the demyelinating agent EtBr induces a more robust axon regeneration response than peripheral nerve crush and provides a second method of peripheral conditioning to increase the intrinsic growth state of sensory neurons. Our key finding is that axotomy is not a required component of the peripheral conditioning effect and that injection of a chemical demyelinating agent alone can promote regeneration of the central branch in the spinal cord. This alternative peripheral conditioning model will provide a new tool for studying the mechanisms underlying the induction of regeneration by peripheral conditioning.
We also observed that the more severe treatments resulting in a longer period to recover function caused better regeneration of the central branch. While EtBr-injected animals were delayed in their peripheral functional recovery, both EtBr-injected and nerve crushed animals recovered to similar levels on most behavioral measures, with the only exception being the measure of total toe spread, a component of the sciatic functional index (de Medinaceli et al., 1982) . The induction of mechanical allodynia by the injection of chemical demyelinating agents followed a similar time course as after sciatic nerve crush, peaking at 4 weeks, similar to previous work on nerve crush (Vogelaar et al., 2004) . The distal:proximal ratio of skeletonized NF200 immunoreactive axons illustrates that axons distal to the injury remained intact following demyelination (ANOVA P b 0.05, Dunnett's t-test *P b 0.05). (C) All neuromuscular junctions (stained with tetramethylrhodamine-conjugated α-bungarotoxin, α-Btx) in tibialis anterior lacked pre-synaptic synaptophysin apposition at 7 days after sciatic nerve crush, but not after demyelination. Data presented as mean ± s.e.m. Scale bars represent 100 μm (A) and 50 μm (C).
After sciatic nerve crush, clearance of distal myelin has been proposed to be required for normal peripheral regeneration (Brown et al., 1994) . This is based on observations in the slow Wallerian degeneration mouse (Wlds), in which recruitment of hematogenous macrophages is limited, de-afferented axons remain, demyelination proceeds slowly, and peripheral conditioning by nerve crush is attenuated (Brown et al., 1994; Niemi et al., 2013) . It has been shown that induced immunological demyelination distal to a crush site significantly enhances the rate of peripheral regeneration after nerve crush (Kosins et al., 2011) . These studies are consistent with our finding that removal of myelin correlates with enhanced regeneration. In our studies, EtBr augmented the growth potential of large diameter DRG neurons over nerve-crushed neurons at individual time points (Fig. 1) , not just over a longer period; consistent with the idea that peripheral myelin actively inhibits axon regeneration (Brown et al., 1994) . Therefore, lack of peripheral myelin per se could be a major signal for a conditioning lesion effect. Post-mortem analysis of patients with the demyelinating disease multiple sclerosis has shown increased expression of another RAG, growth-associated protein-43 (GAP43) (Schirmer et al., 2012) . This suggests that myelin loss in the central nervous system may also be a growth-promoting signal for axons in the central nervous system. Following the primary insult to axons and myelin, inflammation occurs through the activation of resident microglia or macrophages and the infiltration of blood-derived macrophages. Macrophage infiltration of the CNS correlates with secondary degeneration of neurons and glia after injury, as depletion of peripheral macrophages results in fewer infiltrating macrophages and reduced secondary damage after spinal cord contusion injury (Popovich et al., 1999) . Macrophage infiltration in the injured sciatic nerve that occurs along with Schwann cell proliferation has been proposed to promote regeneration (Hall, 1989) . These pro-regenerative effects may be due in part to macrophage clearance of debris, but could potentially be through anti-inflammatory pathways similar to the alternatively-activated M2 macrophages found after CNS injury (Kigerl et al., 2009) . In contrast to sciatic nerve crush, we did not observe a correlation between macrophage activity, alternative or inflammatory, in the sciatic nerve with the induction of peripheral conditioning through the injection of chemical demyelinating agents. Instead, we did observe strong macrophage activation in the DRG following both nerve crush and EtBr injection, indicating that macrophage activity proximal to the cell body may have a role in mediating the conditioning response to injury, consistent with previous studies (Kwon et al., 2013; Niemi et al., 2013) . However, we found that EtBr induced a robust macrophage response in the DRG at an earlier time point than nerve crush and that unlike in nerve transection experiments (Kwon et al., 2013) , the macrophage response to EtBr and nerve crush was transient and reduced within a few days. The difference in the timing of the macrophage response to sciatic crush compared to transection may be relevant in light of the distinct differences in initiation and rate of regeneration after peripheral injury. Animals that undergo nerve crush injury show faster onset and rate of regeneration than animals after nerve transection (Gutmann et al., 1942; Forman et al., 1979) . It is perhaps more likely then that macrophage activation is an early event in peripheral conditioning and not necessary for the maintenance of the conditioning response. Alternatively, nerve crush and EtBr could promote RAG expression through different mechanisms. In addition to its role as a demyelinating agent, chronic EtBr exposure over multiple weeks in vitro can inhibit mitochondrial RNA synthesis and cell growth in some eukaryotic cells (von Wurmb-Schwark et al., 2006; Kao et al., 2012) ; however, it should be noted that it is unlikely that EtBr will have such chronic effects in our experiments. EtBr was cleared from Schwann cell myelin quickly (Fig. S2) , completely undetectable by confocal microscopy by day 14, and we observed extensive proliferation or infiltration of cells in the sciatic nerve after demyelination with either LPC or EtBr (Fig. 5) . This potential proliferation is consistent with previous reports of Schwann cell proliferation following experimental demyelination of the sciatic by LPC, EtBr or antigalactocerebroside (Hall, 1973; Saida and Saida, 1986; Griffin et al., 1990; Riet-Correa et al., 2002) .
We observed no evidence of sciatic axon disruption by injection of the chemical demyelinating agents LPC or EtBr, indicating that axotomy was not present in our novel model of peripheral conditioning. This is consistent with previous reports of treatment of the sciatic nerve as well as the caudal cerebellar peduncle that found no demonstrable induction of axonal damage by demyelinating agents (Hall and Gregson, 1971; Woodruff and Franklin, 1999; Riet-Correa et al., 2002) . It is possible that EtBr injection affected other aspects of axonal morphology and function not evident from analysis of neurofilament staining, despite evidence that LPC-mediated demyelination showed no evidence of morphological changes of sciatic axons by electron microscopy (Hall and Gregson, 1971) . Functionally, however, chemical demyelination of sensory neuron cultures has demonstrated an increase in the rate of mitochondrial transport (Kiryu-Seo et al., 2010) .
We hypothesize that the abnormal distribution, trafficking and function of mitochondria caused by demyelination is a candidate signal for triggering the conditioning growth state. 1) Both chemical demyelination (with LPC) and sciatic nerve transection increase mitochondrial transport in injured sensory neurons (Kiryu-Seo et al., 2010; Mar et al., 2014) . Chemical demyelination, both in vitro and in vivo (with either LPC or EtBr, respectively), results in increased axonal mitochondrial content and mitochondrial hypertrophy (Kiryu-Seo et al., 2010; Zambonin et al., 2011) , similar to mitochondrial hypertrophy seen after axotomy (Dimova and Markov, 1976) , or to the hypertrophy observed in axons with impaired Node of Ranvier formation (Einheber et al., 2006) . This may be due to a higher energy demand for nerve conduction in incompletely remyelinated or dysmyelinated axons (Liu et al., 2001) . 2) Knocking down the RAG ATF-3 in sensory neuron cultures blocks chemical demyelination-induced increases in mitochondrial transport velocity and increases a marker of oxidative stress in the axon (Kiryu-Seo et al., 2010) . 3) Activity of axonal mitochondria is required for local protein synthesis and branch formation (Spillane et al., 2013) . Therefore, local sprouting of axon branches associated with supernumerary Schwann cells after chemical demyelination (Hall, 1973) may be indicative of the convergence on a mitochondrial response to stress pathways induced by either nerve crush or chemical demyelination.
In summary, we found that axotomy is not required for peripheral conditioning. Our results suggest that loss of myelin in the periphery can trigger a growth state of adult dorsal root ganglion axons in the central nervous system. This new model of peripheral conditioning provides new opportunities to study the mechanisms underlying the growth promoting effects. By determining the common underlying mechanisms between these two models, we can hope to gain a fundamental understanding of how to reprogram the adult nervous system to respond differently to injury. 
